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Over the past few years an extensive amount of information has accumulated about the molecular structure and function of the higher plant tonoplast H+ATPase (for a recent review, see Ref. 19) . A comparison of the tonoplast H+ATPase from Ascomycetes (Neurospora crassa [4, 5] and Saccharomyces cerevisiae [27] ) with the higher plant enzyme, including immunological cross-reaction for the 70 kD subunit (5) , has revealed a conspicuous functional and structural similarity. Indeed, recent sequence analysis of plant and fungal H+ATPase subunits showed a high degree of homology (L Taiz, E Bowman, personal communication). Furthermore, the tonoplast H+ATPase of higher plants is similar if not identical with the H+ATPase on the plant Golgi membrane (J Fichmann, L Taiz, personal communication) .
Together with the higher plant and fungal enzymes the H+ATPases on animal lysosomal membranes (23) and secretory granule membranes (8) are now believed to belong to a special group of H+ATPases distinct from plasma membrane and mitochondrial H+ATPases (19) .
In contrast little is known about the H+-pumping ATPases on vacuolar and/or Golgi membranes in lower fungi. Phycomyces blakesleeanus Bgff. a member of the Zygomycetes was chosen as a model organism because of several obvious advantages such as a thoroughly studied genetic background (10) , availability of extensive metabolic data (14) , and, also, its being subject to regulation by plant hormones (3, 16) . Apart (18) . Furthermore, thiamine pyrophosphate and nucleoside diphosphatase, two enzymes of the Golgi apparatus have been localized cytochemically on vesicles of Phycomyces, but no Golgi stacks have been found (2) .
In an attempt to study primary and secondary active transport mechanisms at the vacuolar membrane of Phycomyces we have developed a method for the isolation of proton transport competent microsomal membrane vesicles presumably of tonoplast origin from young vegetatively growing mycelia. In this paper we demonstrate that a microsomal membrane fraction exhibits active H+-transport having similar characteristics as described for tonoplast vesicles from higher plants and Ascomycetes. sucrose and pelleted again. The purified membranes were suspended in 1 mL portions and quickly frozen in liquid N2. The membranes were stored at -20C without loss of activity for up to 2 weeks. For the determination of Cl--dependence of H+-pumping the final membrane pellet was taken up in the same buffer (see above) with the exception that Tris (instead of KOH) was used to adjust the pH to 7.2.
MATERIALS AND METHODS
Assay for Mg2 ATP-Dependent Proton Pumping. The principle of monitoring H+-pumping with neutral red has been described in detail by Hager et al. (13) and was performed according to Rausch et al. (21) . Usually the test medium contained 50 mm KC1. For the assessment of Cl--dependence of H+-pumping KCI was replaced by 50 mM HCI adjusted to pH 7.2 with Bis-Tris propane.' The uptake of ['4C]methylamine by vesicles was determined using a membrane filtration assay as described earlier (21) . Substrate kinetics for MgATP and inhibition kinetics for ADP were always determined in the presence of 2 mM MgSO4. NaN3 (1 mM), sodium molybdate (1 mM), and sodium vanadate (0.2 mM) were routinely included in the test medium. In control experiments it was always confirmed that H+-pumping activity was proportional to membrane concentration.
Assay for Pyrophosphate-Driven Proton Pumping. The procedure was the same as for the H+ATPase-driven proton pumping, but NaN3, sodium molybdate and sodium vanadate were omitted from the test medium. The concentration of MgSO4 was always 2 mM.
Chemicals. ATP disodium salt and ADP sodium salt (both vanadium free), potassium pyrophosphate, from Sigma. Radiolabeled methylamine (specific activity 1.85 MBq/4mol) from Amersham. All other chemicals were of analytical grade.
RESULTS
Electron Microscopy of Fungal Mycelium. Young mycelia of Phycomyces before the beginning of sporangiophore growth were analyzed by electron microscopy (Fig. 1) . The hyphae were densely packed with ribosomes, numerous mitochondria, and vesicles with diameters varying from 100 to 500 nm. Larger vacuoles, apparently free from cytoplasmic content, were surrounded by a single membrane (Fig. 1, right) . The mycelia used for membrane isolation were in the same stage of development.
Extraction of Microsomal Membranes. Initially, mycelia were homogenized at 0 to 4°C which consistently yielded membrane preparations with Mg2" ATP-dependent proton pumping activity. For comparison, homogenization was performed at -8°C which led to a significant increase (about twofold) in H+-pumping activity. The Mg2" ATP-dependent H+-pumping of the crude microsomal fraction was stimulated considerably by sodium vanadate and sodium azide (Table I ). Kinetic analysis revealed that in the absence of these inhibitors the apparent Km for ATP was higher (2-3 mM) than in their presence, whereas in the further purified membranes (see below) the apparent Km for ATP was not influenced by both inhibitors. Light microsomal membranes were further enriched on a 28% (w/v) sucrose cushion. This membrane fraction contained no detectable Cyt c oxidase activity and its H+-pumping activity was not influenced by sodium azide or sodium vanadate (Table   I ). Membranes could be kept on ice for 180 min without loss of H+-pumping activity.
Characteristics of Mg2" ATP-Dependent Proton Pumping. The
Mg2`ATP-dependent H+-pumping was strictly dependent on Cl- (Fig. 2) . Cl Bis-Tris propane was even more effective than KCI in promoting H+-pumping (+65%) and addition of 50 mM KCI after maximum acidification in the presence of 50 mM Cl Bis-Tris propane led to a significant reduction of acidification not shown by NaCl at the same concentration (data not shown).
The time course of H+-pumping, as monitored with neutral red (Fig. 2B) (Fig. 1) revealed, besides conspicuous larger vacuoles, numerous smaller vesicles which may be interpreted as either Golgi type vesicles or small vacuoles which eventually will fuse later with the central vacuole(s). In agreement with earlier morphological studies of Phycomyces (2, 6) our observations suggest that typical Golgi stacks are absent whereas some of the vesicles may represent single Golgi cisternae or vesicles. Autophagic vacuoles, vesicles, Golgi cisternae and a conspicuous central vacuole have been demonstrated in Phycomyces sporangiophores (6) . During sporangiophore development small vacuoles in the growth zone are assumed to coalesce with the central vacuole (20) , and vacuolization has been observed during spore germination (28) . However, obviously more rigorous ultrastructural work is required to clarify the origin and content of the smaller vesicles observed in the young mycelial material used for membrane isolation, especially the nature of the Golgi system in Phycomyces.
Bowman and Bowman (4) broken ends of the hyphae of this unicellular organism at temperatures above 0°C. The immediate sealing will result in a massive loss of subcellular vesicles (9, 11, 30) . The lower temperature (-8°C) affects membrane fluidity and probably reduces the formation ofsmall protoplasts otherwise lost during the initial centrifugation step. The reduction of fungal protease activity may also contribute to the increased yield oftransport competent tonoplast-type vesicles; however, in view of, the long centrifugation times (as compared with the extraction which took little more than 5 min) this seems a less likely explanation.
The Cl--stimulated Mg2" ATP-driven H+-pumping activity characterized in this study shares several features with Mg2À
TP-dependent H+-transport in tonoplast vesicles from higher plant and Ascomycetes. These include: (a) the stimulation by Cl- (Fig. 2) , (b) the inhibition by nitrate and sulfate, (c) the absence of vanadate, molybdate, and azide effects on H+-pumping in the step-gradient purified vesicles (Table I) and competitive inhibition by ADP (Fig. 4) (12) .
The absence of a detectable H+-pumping pyrophosphatase in the same membrane fraction points to a dissimilarity with higher plant tonoplast and Golgi vesicles (22) . Taiz (26) 
